ABSTRACT. Background and aims:
INTRODUCTION
In the abundance of studies on age-related cognitive differences, comparisons have been made between relatively young adults (usually in their 20s), and older adults (usually older than 65). Although the age range between 30 and 60 has often been disregarded, it may be of particular interest, because the first manifestations of age-related cognitive change (1-4) and cognitive complaints (5) can already be seen from age 40. Previous studies have not been able to establish a relation between subjective cognitive complaints and poor cognitive performance in middle (6, 7) . One possible explanation for this discrepancy may involve the psychological construct "effort". Middleaged adults may need to invest more cognitive effort to achieve the same performance as young adults, especially in resource-demanding situations, e.g., in professional life. Indeed, cognitive challenges at midlife are generally high, and consist of work and family environments requiring particular skills, such as organizing, planning, problem-solving and multi-tasking (8) . To test the hypothesis that middle-aged adults invest more effort than young adults, especially in resource-demanding situations, an experimental paradigm is needed which involves conditions varying in processing demands and which also includes a measure of cognitive effort. Such a paradigm can be derived from the levels-of-processing framework proposed by Craik and Lockhart (9) . In their view, incoming information can be processed in different ways, which may vary from shallow to deep processing (10) . Deeper analysis produces a richer and more elaborated memory trace (11) , which is more resistant to forgetting.
Although this levels-of-processing framework has undergone several revisions since its initial formulation (e.g., 12), the earliest version was most influential in the area of cognitive aging. Following the levels-of-processing hypothesis, it has been suggested that older adults have a deficiency in deep, semantic processing, which may result in memory impairment (10) . This hypothesis was tested by early studies in which recall and recognition by young and older adults were compared after performing incidental processing tasks (i.e., perceptual, phonological, or semantic analysis of words) and an intentional learning task (i.e., memorization of words) (White, cited in 13, [14] [15] [16] [17] [18] . The predominant pattern of results with respect to recall was that age differences were small and unreliable af-
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ter shallow processing tasks and greater after deeper processing tasks (White, cited in 13, 14, 16, 17) . It was suggested that deep processing is cognitively effortful and places a strain on the diminished resources of older adults (19) . In contrast, when memory for words was tested by recognition, age differences after deep incidental instructions (White, cited in 13, 14, 16) and intentional learning (14) (15) (16) were much less pronounced. This suggests that the self-initiated search component of retrieval, which is presumably bypassed by recognition (19) , is mainly sensitive to an age-related deficiency in deep processing.
However, the above-mentioned studies only examined the number of correctly recalled and recognized words. Because an age-related deficiency in deep processing is presumably manifested in retrieval processes, it was considered of interest to examine reaction times (RTs) of recognition. Although the exact nature of the retrieval processes involved in recognition is still a matter of debate, the assumption that old-new responses are initiated when sufficient evidence has accumulated to justify one response or the other is accepted and incorporated into most theories (20, 21) . The main construct to be extracted from RTs is therefore retrieval effort, the mobilization of processing resources required to retrieve items from memory (22) . Most current theorists propose slower recall-like processes, often termed "recollection", as one component, and faster parallel retrieval, often termed "familiarity", as the other component, in a dual-route retrieval framework of recognition (see 23 for a review). Longer RTs would then represent less efficient mobilization of processing resources and more retrieval effort. This is in accordance with dual task paradigms in which RTs are also used as estimates of mental effort (24) . Because deeper processing results in better maintenance of words in memory, deeperprocessed words are expected to require less retrieval effort than shallow-processed words. In this regard, we could test whether deeper processing leads in middleaged adults to a smaller decrease in retrieval effort than in young adults. The first purpose of the present study was therefore to examine whether deeper processing of words during encoding leads in middle-aged adults to a smaller increase in word-learning performance and a smaller decrease of RTs than in young adults.
Within the study of cognitive aging, relatively limited attention has been given to factors affecting cognitive abilities in midlife (25) . Protective factors in cognitive maintenance and plasticity are important as possible mechanisms to be targeted in preventive interventions. High educational level may attenuate an age-related increase in effort investment and change in verbal learning performance, because educational experience may provide reserve capacity in the form of a more elaborate set of basic skills or cognitive strategies (26) . Indeed, high educational level has been shown to attenuate age-related cognitive decline in older adults (27, 28) . Others, however, have questioned the idea that more highly educated and more intelligent individuals show decelerated cognitive aging with respect to individuals with lower mental ability (29) . A recent study (30) did show that the protective influence of education on cognitive aging is limited. This may be a general limitation, but the influence of education may also depend on the cognitive domain. An interesting issue is whether higher educational level, which stimulates language proficiency and the use of encoding and retrieval cues, compensates for the reduced benefit of deep processing in middle-aged individuals. The second purpose of the present study was therefore to examine whether age-related memory differences after performing shallow and deeper learning tasks are moderated by level of education.
Four incidental learning tasks were used, each designed to induce processing at a particular level. The first task was to decide whether words were written in lowercase or uppercase letters, which was assumed to induce shallow perceptual processing (31, 32) . The second task was to decide whether words contained the letter "e", which was assumed to induce more elaborate orthographic/phonological processing (33) . In essence, this was a search task, and the finding that RTs for words not containing the letter "e" were longer than for words containing it (34) suggested that a terminating search strategy (35) was adopted, in which each letter was assessed. In the third task, participants had to speak words aloud without making a decision, which was assumed to invoke at least perceptual, orthographic and phonological processing of the whole word. Access of information concerning the meaning of a word is not necessarily involved in this task (36) . The fourth task was to decide whether words referred to a living or a non-living item, which was assumed to invoke deep semantic processing (31, 37) . Four intentional memorizing tasks were also administered. In contrast to previous studies on age differences within the levels-of-processing framework that used a between-subject design, a more powerful mixed design was used here, in which each participant received all conditions. A younger (25-35 years) group was also compared with an older middle-aged (50-60 years) group. These groups consisted of persons from the working population and were therefore less subject to differences in lifestyle associated with schooling or retirement. In addition, they were without age-related health problems with potential impact on brain function, in order to reduce any source of bias due to age-extrinsic factors. The older middle-aged group consisted of 20 people of low educational level and 20 people with a high level, aged between 50 and 60 (mean age: 56.1 years, SD=3.4). Participants were stratified for age (two age groups), education (two levels) and sex. They were recruited by advertisements in local newspapers and advertising at Maastricht University, local companies and clubs (e.g., sports, music). There was pre-selection by telephone, in order to exclude persons with health-related conditions known to interfere with normal cognitive functioning. Exclusion criteria were cerebrovascular pathologies, psychiatric disturbances, neurological disorders, dyslexia, serious medical conditions with known impact on brain function, excessive use of alcohol (>21 consumptions/week), use of psychoactive medication or drugs, clinically overt visual or auditory deficits, and previous participation in cognitive experiments. The Ethics Committee of the Department of Psychology, Maastricht University, approved the study, and participants gave their written informed consent.
METHOD
Level of education was assessed by classifying formal schooling according to a system commonly used in the Netherlands (38) , which is comparable to the International Standard Classification of Education (39) . Educational level was scored in eight ordinal categories: 1) primary education, 2) lower vocational education, 3) intermediate secondary education, 4) intermediate vocational education, 5) higher secondary education, 6) higher vocational education, 7) higher professional education, 8) university. In many Western countries, persons between 50 and 60 are -generally -less well educated than persons between 25 and 35. Thus, the median educational level in the population differs for the age ranges used in the present study (40) . We attempted to deal with this cohort effect by adjusting the classification into low and high educational levels according to the median level in the population. A low level of education was defined in the young group as a maximum of intermediate vocational education (equivalent to a maximum of 13 years of education). A low level of education was defined in the older group as a maximum of intermediate secondary education (equivalent to a maximum of 10 years of education).
The characteristics of the sample are listed in Table 1 , and show that persons with low educational level were slightly older than persons with high educational level in both the young, F(1, 38)=4.4, p<0.05, and the old age groups, F(1, 38)=6.0, p<0.05. Because the difference was at most 2.5 years, this was not considered to be a problem. The young and middle-aged participants did not perform differently on a 20-item multiple-choice Dutch vocabulary test (41) measuring verbal IQ, F(1, 76)=3.1, p=0.09. The vocabulary scores of highly-educated participants were higher than those for less well educated participants, F(1, 76)=33.1, p<0.01.
Materials and procedure
The procedure is described chronologically. Incidental tasks. Four computerized tasks with 16 words were presented one after another in each task. In the first task, in which eight words were presented in uppercase and eight in lowercase, participants were asked to make a decision about the case of the letters. In the second task, participants had to indicate whether or not the words contained the letter "e". In the third task, they had to read the words aloud without making a decision. In the last task, they were asked whether the words referred to a living or a non-living item. The order in which the tasks were presented was randomized within each age group per educational level. The words used were mono-or disyllabic, varying in length between five and seven letters, and with a value of six or higher on a Dutch 7-point norm scale for imagery (42) . Words were presented in the center of a computer screen (font: Arial, 50 pt.) and were white against a black background. The presentation software was programmed in E-prime (43) . The four tasks involved four fixed word lists, matched for word frequency and word length. All lists contained eight living items and eight words containing the letter "e". They were carefully matched with respect to the categories from which 
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the words were drawn (i.e., animals, flowers, tools, etc.) and to phonological characteristics. Participants were seated in front of a 17" monitor at a normal viewing distance of approximately 25 inches (60 cm), and responded with either their left or right index finger using two response buttons. In the three decision tasks, a right button press indicated "uppercase", "containing e" and "living", respectively. In these tasks, the words were presented on the screen for a maximum of 1500 ms, until a response was given. A fixed interval of 2000 ms between the appearance of one word and the appearance of the next was used. Participants were told to respond as quickly and accurately as possible. In the reading task, the words were presented for 1000 ms on the screen, with an interval of 2000 ms between the appearance of one word and the appearance of the next.
Recall and recognition of incidentally presented words. A 5-min delay was imposed, during which participants copied the Rey Complex Figure (44) , which involves no verbal stimuli. After this delay, they were unexpectedly asked to recall orally as many of the words they had encountered in the four tasks as possible. Subsequently, they performed an old/new recognition task, consisting of 32 old words (8 from each incidental task) and 32 new words, presented in random order. The new words were selected using the same criteria as those that were presented in the incidental tasks (mono/disyllabic, 5-7 letters, matched for word frequency, word length, and number of living items). Participants responded with either their left or right index finger, using two response buttons to indicate whether the word had been seen before in the incidental tasks. A right button press indicated "yes", and a left button press "no". The words were presented on the screen for a maximum of 2500 ms, until a response was given. There was a fixed interval of 3000 ms between the appearance of one word and the appearance of the next. Participants were told to respond as quickly and accurately as possible. RTs and accuracy measures were recorded.
Intentional tasks. When recognition of the incidental tasks was completed, two sustained attention tests (Mackworth Clock Test, and Continuous Performance Test -AX) which did not involve the learning of verbal material, were administered for about 20 min, with a break of 5 min in between. After this delay of 25 min, participants were asked to memorize a list of 16 words for subsequent recall. After presentation of the words, participants were asked to recall as many of them as possible in any order. This procedure was conducted four times with different word lists. The order in which the lists were presented was randomized within each age group per educational level. In these four tasks, the words were presented for 1000 ms on the screen, with an interval of 2000 ms between the appearance of one word and the appearance of the next. The characteristics and computerized presentation of the words were the same as in the incidental tasks.
Recall and recognition of intentionally presented words. A 5-min delay was imposed, during which the participants copied the Taylor figure (45), which involves no verbal stimuli. After this delay, they were asked to reproduce orally as many of the words they had encountered in the four intentionally presented lists as possible. Subsequently, they performed an old/new recognition task, consisting of 32 old words (8 from each intentional task) and 32 new words, presented in random order. The characteristics and computerized presentation of the words were the same as in the recognition of the incidental tasks.
Design
A cross-sectional design was used, with two age groups (young and middle-aged) and two educational levels (low and high). All participants received four incidental conditions and, because the procedure of recall and recognition had to be similar for intentional and incidental learning, they also received four parallel intentional tasks. Their mean performance on these was used as a measure of intentional learning. This yielded a 5 x 2 x 2 design with type of task (case decision, "e" detection, reading, semantic decision and intentional learning) as the withingroups variable, and age group and educational level as the between-groups variables. The number of correctly recalled words, recognized words, and mean RTs for correctly and incorrectly recognized words were the dependent variables.
Data analysis
The assumptions of analysis of variance (ANOVA; homogeneity of variance and normality of the residuals) were tested for each dependent variable. Homogeneity of variance was evaluated by visual inspection of the scatter plots of the residuals against the predicted values. Normal distribution of the residuals was checked by visual inspection of the histograms and the normal probability plots. Based on this information, data transformation was not considered necessary. Full-factorial repeatedmeasures ANOVAs were used per dependent variable. A Greenhouse-Geisser correction was applied to the degrees of freedom and the significance levels if the sphericity assumption was violated. Statistically significant main effects of task type and interactions with task type were further analyzed following Fisher's least significant difference (LSD) procedure. Repeated contrast analyses were conducted in order to analyze differences between consecutive levels of processing. Simple contrast analyses were conducted in order to analyze differences between intentional learning on one hand and each incidental task on the other. Post-hoc power analyses (46) per dependent variable on the available number of participants, with a medium critical effect size of 0.25 and an alpha level of 0.05, resulted in a power of 0.99 for all three dependent variables with respect to the within-groups effects, and
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case decision vs intentional learning, were significant. However, floor effects complicated this interaction in the shallow conditions. A significant main effect of education was found, indicating that highly-educated people recall more words than less well educated people: F(1, 76)=4.9, p<0.05, partial η 2 =0.061 (means are 1.5 and 1.8 words for low and high educational level, respectively). No age x task x education, education x age, or education x task interactions were found (F-values <2.6, p-values >0.1) . Figure 1B shows the mean numbers of correctly recognized words from each incidental task and four intentional tasks per age group. A main effect of age was found, indicating that younger individuals outperformed older individuals, F(1, 75)=8.1, p<0.01, partial η 2 =0.1 (means over all conditions: 5.6 and 4.9 words for the young and old age groups, respectively). There was a main effect of task, F(3.5, 263.5)=81.5, p<0.01, partial η 2 =0.52 (means: 3.6, 3.9, 6.1, 6.7, and 6.0 words for case decision, "e" detection, reading, semantic decision and intentional learning tasks, respectively). Repeated contrasts were significant, except that between case decision and "e" detection. The simple contrasts were also significant, except that between reading and intentional 0.97, 0.89 and 0.81 with respect to the between-groups effects for recall, accuracy, and RTs of recognition, respectively. Figure 1A shows the mean numbers of correctly recalled words from each incidental task and four intentional tasks per age group. A main effect of age was found, indicating that younger individuals outperformed older individuals, F(1, 76)=22.5, p<0.01, partial η 2 =0.23 (means over all conditions: 2.0 and 1.3, for the young and old age groups, respectively). There was a main effect of task, F(3, 229.1)=68.1, p<0.01, partial η 2 =0.47, indicating that more words were recalled as depth of processing increased (means: 0.36, 0.6, 1.8, 2.9, and 2.7 words for case decision, "e" detection, reading, semantic decision, and intentional learning tasks, respectively). Repeated contrasts were significant, except that between semantic decision and intentional learning. The simple contrasts were also significant, except that between semantic decision and intentional learning. An age-by-task interaction was found, indicating that the age-related differences in recall increased with depth of processing, F(3, 229.1)=2.7, p<0.05, partial η 2 =0.035. Only the repeated contrast case decision vs "e" detection, and the simple contrast S e m a n t ic d e c is io n I n t e n t io n a l le a r n in g S e m a n t ic d e c is io n I n t e n t io n a l le a r n in g
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Fig. 1 -Mean accuracy on recall (A), recognition (B), and reaction times of recognition (C) as a function of age and task. Error bars: standard errors of mean.
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learning. No age-by-task interaction was found, indicating that the age-related differences in recognition accuracy were equal across tasks, F(3.5, 263.5)=0.74, p>0.5. A main effect of education was found, indicating that highly-educated people recognized more words than less well educated people: F(1,75)=5.2, p<0.05, partial η 2 =0.065 (means: 4.9 and 5.5 words for low and high educational level, respectively). No age x task x education, education x age, or education x task interactions were found (F-values <2.2, p-values >0.06 ).
Because recognition was tested for the incidental conditions together, the number of true negatives, i.e., correctly identified new words, could not be separated for each incidental condition. The same applied to the intentional conditions. The number of true negatives did not differ between age groups with respect to the incidental tasks, F(1, 75)=0.76, p>0.3 (means: 24.3 and 25.4 for the young and middle-aged groups, respectively), and educational levels, F(1, 75)=0.83, p>0.3 (means: 25.5 and 24.3 for the low and high levels, respectively). An education x age interaction was not found, F(1, 75)=0.3, p>0.5. The same pattern of results was found for the intentional tasks: the number of true negatives did not differ between age groups, F(1, 75)=1.3, p>0.2 (means: 25.3 and 26.4 for the young and middle-aged groups, respectively), and educational levels, F(1, 75)=0.43, p>0.5 (means are 26.2 and 25.6 for the low and high levels, respectively). An education x age interaction was not found either, F(1, 75)=0.6, p>0.4. On the basis of these results, we concluded that groups did not differ in their response bias, which would reduce the effectiveness of the recognition score as a measure of retention (47) .
Reaction times of recognition
The RTs of correctly recognized words were shorter than those of incorrectly recognized ones (means, collapsed over conditions: 1000 and 1179 ms, respectively). However, no differences between age groups or educational levels were found.
We therefore decided to collapse the mean RTs over correctly and incorrectly recognized words, in order to obtain a more robust measure of retrieval effort. Figure  1C shows these mean RTs from each incidental task and four intentional tasks per age group. There was no main effect of age, F(1, 75)=3.4, p=0.07, indicating that the two age groups did not differ in RT (mean RTs over all conditions: 946 and 1006 ms for the young and old age groups, respectively). There was a main effect of task, F(4, 300)=15.8, p<0.01, partial η 2 =0.17 (means: 1065, 999, 982, 944 and 891 ms for case decision, "e" detection, reading, semantic decision tasks and intentional learning, respectively). Repeated contrasts were significant between case decision and "e" detection and between semantic decision and intentional learning. All simple contrasts were significant. No age-by-task interaction was found, indicating that the age-related differences in RT performance were equal across tasks, F(4, 300)=0.72, p>0.5.
A main effect of education was found, indicating that highly-educated people had shorter RTs than less well educated people: F(1, 75)=4.3, p<0.05, partial η 2 =0.055 (means: 1011 and 942 ms, for low and high educational levels, respectively). No age x task x education, education x age, or education x task interactions were found (F-values <1, p-values >0.2) .
DISCUSSION
The first purpose of the present study was to examine whether deeper processing of words during encoding in middle-aged adults leads to a smaller increase in wordlearning performance and a smaller decrease in retrieval effort than in young adults. A main effect of task on accuracy of recall and recognition indicated that wordlearning performance did increase after deeper processing. A major outcome of this study is that the performance increase was smaller in middle-aged adults than in young adults with respect to recall. Age differences did not differ across levels of processing in recognition. These findings are generally in accordance with previous studies, in which mainly extreme age groups were compared (White, cited in 13, 14-18). Although we observed floor effects in the shallow conditions, our results are in line with previous studies that were not complicated by floor effects (14, 17) . Thus, the present study demonstrates the already smaller benefit of deep processing in middle-aged individuals. Moreover, these effects seem to be purely attributable to aging, since the participants in the present study were carefully screened for health problems, to exclude potential age-extrinsic confounders.
To our knowledge, the present study is the first that also examined RTs of recognition, which enabled us to examine retrieval mechanisms. The main effect of task on RTs of recognition indicated that retrieval effort decreased with depth of processing. The absence of an age-by-task interaction demonstrated that this decrease in retrieval effort was not smaller in middle-aged adults. It has been shown that aging affects recollection more than familiarity (23) . The present main effect of age on RTs most probably reflects age-related slowing in recollection processes and of non-decision components of processing, such as encoding and response execution. The absence of an age-by-task interaction suggests that this age-related slowing does not depend on level of processing.
The general pattern of results thus suggests that the reduced benefit of deep processing in middle age is confined to the self-initiated search component of retrieval, which is required in recall but not in recognition. A major difference between recall and recognition is the amount of environmental support offered (19) , that is, the words themselves are reinstated on a recognition test, which di-
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minishes the need for a constraining self-initiated search of the memory store. The present findings are therefore in line with many studies demonstrating smaller age differences when contextual or cognitive support is provided (see 48 for a review). When extended to daily life, this suggests that, in more resource-demanding situations, in which information has to be processed both quickly and thoroughly and when no retrieval cues are available, adults already show cognitive vulnerability in middle age. When middle-aged adults are exposed frequently or longer to such cognitively challenging and stressful situations -for example, in a professional context -their decreased processing capacities may lead to exhaustion of resources, in turn resulting in cognitive complaints. Persistent strain on diminished cognitive resources may even lead to more pathological conditions, such as mood problems, mental fatigue, neuro-energetic problems, and dysthymia, or 'burn-out', which are common in the middle-aged working population (49) (50) (51) . Further longitudinal research may unravel the mechanisms proposed in this line of reasoning.
The second purpose of the present study was to examine whether a high educational level compensates for the reduced benefit of deep processing. More highly educated persons had consistently shorter RTs and higher accuracy levels than persons with a lower educational level. However, education did not interact with age or task on either of the dependent variables. This suggests that education is not a moderating factor of age-related changes in verbal learning manipulated by levels of processing, at least not over the present age-trajectory. This may be explained by one of the proposed mechanisms for the hypothesized protective effect of education. This mechanism assumes that education serves as a marker for other conditions related to socio-economic status, such as health status (52) , which is also known to influence age-related cognitive change (53) . The protective effect of education may therefore not have been demonstrated in the present study, because all our participants were screened for health problems to exclude potential age-extrinsic confounders.
It should be noted that, before the 1960s, many people did not finish or continue their schooling, mostly for reasons other than their intellectual capacity (54) . As a consequence, there is a risk of underestimating the cognitive differences associated with age in poorly educated people. By including a young and a middle-aged group, which yielded fewer cohort differences than a comparison between a young and an old group, and by defining the low and high levels of educational achievement differently for young and middle-aged persons, this risk was minimized in the current study.
Because the issue of the interaction between age and education has seldom been addressed by experimental studies, it is not yet clear in which cognitive domains education may have a protective effect and what the determinants of such an effect are. The few previous studies mainly found smaller age differences in highly-educated persons in verbal memory (55, 56) , visual attention (56) , and some subtests of the Wechsler Adult Intelligence Scale (57) . In a recent study, we found that education attenuates age-related differences in verbal learning, but that its protective power reaches a limit when task demands were increased by the combination of the presence of irrelevant speech and a shorter inter-stimulus interval (58) . Since task demands were very high in the present model, in that words were only presented once and in rapid conditions (in contrast to frequently-used multi-trial verbal learning tasks), the absence of interactions between education, age and level-of-processing may again point at a limit of the protective power of education. Future research should define more precisely those tasks, task conditions and individual characteristics (such as health status) that allow older persons with a high educational level to compensate for negative age effects.
